Nanoparticles of cerium dioxide (or nanoceria) are of interest because of their oxygen buffering, photocatalytic ability, and high UV absorption. For applications, the nanoceria can be incorporated in a polymer binder, but questions remain about the link between the nanoparticle distribution and the resulting nanocomposite properties. Here, the thermal, mechanical and optical properties of polymer/ceria nanocomposites are correlated with their nanostructures. Specifically, nanocomposites made from waterborne Pickering particles with nanoceria shells are compared to nanocomposites made from blending the equivalent surfactant-free copolymer particles with nanoceria. Two types of nanoceria (protonated or citric acid-coated) are compared in the Pickering particles. A higher surface coverage is obtained with the protonated ceria, which results in a distinct cellular structure with nanoceria walls within the nanocomposite. In the blend of particles, a strong attraction between the protonated nanoceria and the acrylic acid groups of the copolymer likewise leads to a cellular structure.
Introduction
In recent years, cerium dioxide (CeO2) -especially in the form of nanoparticles, known as nanoceriahas attracted the interest of both industrial and academic communities because of its high reactivity and its oxygen buffering capacity, 1,2 which originate from its atomic surface structure. 3 Nanoceria's outstanding physical and chemical properties make it suitable for a wide range of applications, such as gas sensors 4, 5 and catalyzers. 6, 7 Moreover, the fact that it is relatively transparent in the visible region of the spectrum but a strong absorber in the UV offers great potential in the fields of photovoltaics 8, 9 and sunscreen products. 10 In particular, hybrid ceria/polymer particle systems are of special interest in the development of protective coatings. [11] [12] [13] In the presence of other pigments, such as titanium dioxide, within a protective coating, cerium dioxide lowers the global photocatalytic activity. 14 This minimizes the generation of free radicals, which otherwise degrade organic materials present in the underlying substrate, such as lignin in wood.
As an alternative to multi-step chemical modifications, 15, 16 a simple method to fabricate colloidal nanocomposites is to use physical mixtures of colloidal polymer particles and inorganic nanomaterials suspended in either water or an organic solvent. 17 Numerous examples of nanocomposites prepared using a mixing process can be found in the literature for a wide range of inorganic particles: graphene, 18 carbon nanotubes, 19 clays, 20 silica 21 and various oxides. 22 This wet colloid mixing process is simple and effective. However, one of the main challenges is preventing the inorganic nanofiller from agglomerating in large clusters when stability is poor or when the filler's attraction to the polymer particles is weak. During the film formation process, as depicted in Figure 1a , free inorganic nanoparticles can accumulate in clusters at polymer particle boundaries. The occurrence of aggregates leads to void formation, resulting in the deterioration of mechanical 23 and electrical 24 properties and in the development of opacity. particles with an inorganic nanoparticle shell around a soft polymer core. The three main stages of this process are pictured, from top to bottom: (1) wet dispersion on a substrate, (2) particle packing, and (3) particle deformation leading to coalescence.
One possibility to solve this problem is tailoring the synthesis process to pre-build an inorganic nanostructure that will avoid the occurrence of this aggregation. In the case of waterborne polymer latexes, consisting of polymer nanoparticles suspended in water, a nanostructure with an inorganic shell can be achieved through Pickering emulsion polymerization. 26, 27 In this type of synthesis, inorganic materials are used as solid stabilizers in an emulsion polymerization process, preventing the growing latex particles from flocculating. 28, 29 The addition of a small amount of a hydrophilic comonomer favors the interaction of the inorganics with the polymer: It can interact in situ with the inorganic particles (via electrostatic interaction, surface complexation or hydrogen bonding) and provide suitable affinity of the Published in ACS Applied Nano Materials (2018) 5 growing polymer chains with their surface. 30 In this way, the inorganic nanoparticles are bonded to the polymer particle surface, thus ensuring that during film formation they will not migrate and aggregate in clusters. Furthermore, any deleterious effects of surfactants are avoided.
As Figure 1b proposes, the polymer cores of Pickering particles are expected to deform and fill space to create a three-dimensional honeycomb-like nanostructure. The shells composed of inorganic nanoparticles are expected to create the cellular walls, as has been found in films from other Pickering systems. 31, 32 Creating Pickering particles requires optimization of the polymerisation process for each type of inorganic particles considered, especially for development at the industrial scale, and demonstration in applications when in the form of coatings. However, Pickering latex particles have been synthesized using zinc oxide nanoparticles to create binder films for printing applications. 33 In another application, soft latex with Pickering clay shells were added to pressure-sensitive adhesives and found to provide synergistic mechanical properties that were not found from physical mixtures of the constituent clay and polymer particles. 34 Until now, the emphasis of the studies on ceria/polymer hybrid latexes has been primarily placed on the synthesis of these systems, using either living polymer chains as both coupling agents and stabilizers 35, 36 or without any stabilizer using miniemulsion polymerization, 30 or the possibility of using ceria with different geometries such as nanorods. 12 Generally, the mechanical and thermal properties of the final dried films were not presented in these previous works. Only a few publications report on their optical properties, 12, 13, 37 reporting an increase in UV absorbance with increasing amount of ceria content. 13 Importantly, the effect of the filler distribution on the final properties has not yet been assessed. To our knowledge, a comparison of Pickering nanocomposites with physical blends containing the same amount of nanoceria but without the pre-designed architecture that the Pickering chemistry provides has not been reported in the literature yet.
In this work, we design and fabricate polymer/nanoceria nanocomposite coatings using
Pickering emulsion particles as the building blocks. We compare the structure and resulting properties Published in ACS Applied Nano Materials (2018) 6 to a nanocomposite prepared by the physical blending of the corresponding polymer particles and ceria nanoparticles in water. Of particular interest here is how the distribution of ceria nanoparticles can be used to increase the UV absorption without compromising the nanocomposite's optical transparency in the visible range. This combination of properties is desirable for wood coatings 38 and for display screens that are subject to UV/ozone degradation. A particular problem has been reported in the UV degradation of silver nanowires 39 that are used in optically transparent conducting films for display applications. We also investigate how the ceria distribution influences mechanical and water barrier properties. The results presented here provide a valuable guide to determine which nanocomposite fabrication route should be chosen depending on the final properties that are needed.
Experimental Details

Materials
Two types of cerium oxide (CeO2) nanoparticles were used. They were both provided by Solvay (Aubervilliers, France) as stable aqueous dispersions of CeO2 nanocrystals, 7 nm in diameter, as determined by dynamic light scattering. The acidic sol (13.1 wt% solids content) is composed of cationic particles stabilized at low pH (typically pH < 2) via electrostatic repulsion between the protonated hydroxyl groups. 30 It was compared to a citric acid-coated ceria dispersion with 21.6 wt% solids content and pH = 9, commercialized under the brand name Rhodigard ® W200. Both sols were used as received. Methacrylic acid (MAA, 99 %; Sigma-Aldrich), n-butyl acrylate (BA, 99 %; Acros Organics), methyl methacrylate (MMA, 99 %; Acros Organics), 2,2'-azobis(2-methylpropionamidine) dihydrochloride (AIBA, 97 %; Sigma-Aldrich), and ammonium persulfate (APS, 98+ %; Acros Organics) were used without further purification. Deionized water was used for synthesis. In-house nitrogen gas (N2(g)) was used for purging.
Synthesis and preparation of blends
Emulsion polymerization was carried out in a 500 mL, 4-necked, double-walled reactor, jacketed with a temperature controlled water bath, and equipped with a stirrer (overhead, glass, anchor-type), a condenser, nitrogen inlet, and a valve to remove the latex. transferred to the pre-heated reactor (70 °C) and purged with N2(g) for 30 min. AIBA (0.375 g) was dissolved in water (9.9 g), purged with N2(g) for 30 min, then injected into the reactor. Polymerization took place at 70 °C with stirring for 5 h, then exposing the reaction to air and cooling with an ice/watercold bath. The latex was passed through a fabric filter (100 µm) to obtain the final surfactant-free latex.
We will refer to it hereafter as SFB (for "surfactant-free blank") because it is free of ceria. The latex characteristics are summarized in Table 1 . obtain the acidic sol Pickering latex, which is referred to as ACS for brevity (see Table 1 ). Figure S3 . h Glass transition temperature as determined by DSC. ions was used. The sample was metalized with gold, and then a thin layer of carbon was deposited in the area to be observed. This was followed by a two-step milling procedure. First, a bulk trapezoid was milled at high current beam (4 nA) so that the shorter face could be imaged by the electron beam up to at least a 15 μm depth. Then, a final polishing of the observed surface was carried out with a fine current beam (80 pA). The SEM images of the polished surface were then recorded under low voltage conditions (1 kV) using an in-lens secondary electron (SE) detector. Such imaging conditions allowed observing insulating materials with minimized charging effects, which provided high resolution and a good contrast between inorganic and organic phases.
Basic ceria sol (Rhodigard
Characterization Methods
Dynamic light scattering (DLS
Transmission electron microscopy (TEM) of cross-sections.
Film mould casts were prepared by diluting the latex to 10 wt% and left to dry in poly(tetrafluoroethylene) moulds in ambient conditions over 7 days. Thin foil TEM specimens (< 100 nm) of the mould-casted films were then prepared using a diamond knife on a cryo-ultramicrotome equipment and transferred to copper TEM grids (untreated).
TEM images were recorded using a Philips CM120 transmission electron microscope at an accelerating voltage of 80 kV.
Cryo-transmission electron microscopy. For cryogenic transmission electron microscopy (cryo-TEM)
analyses, samples of particles in water were dropped on lacy carbon films (hydrophilized prior by argon Published in ACS Applied Nano Materials (2018) 10 plasma) and vitrified in liquid ethane. Cryo-TEM images were recorded using a Philips CM120
transmission electron microscope at an accelerating voltage of 120 kV.
Dynamic mechanical analysis (DMA).
Dispersions were cast in poly(tetrafluoroethylene) moulds and allowed to dry under ambient conditions for 7 days. Then they were cut into strips with typical dimensions of 10 mm  4 mm  0.5 mm. Sinusoidal stress measurements were carried out in air using a DMA Q800 from TA Instruments (New Castle, DE, USA). Experiments were performed in the tensile mode at a frequency of 1 Hz with 0.05% strain. The temperature was ramped from -50 °C to 100 °C at 3 °C min thickness, x, was measured using a surface profiler (Dektak 150, Veeco Instruments). Spectra from the ceria sols (dilute 400 times in deionized water) were obtained using quartz cuvettes in a Shimadzu UVVis spectrophotometer (UV-2501PC) with a wavelength range from 195 to 900 nm.
X-ray Photoelectron Spectroscopy (XPS). XPS analyses were performed using a ThermoFisher
Scientific Instruments (East Grinstead, UK) K-Alpha+ spectrometer. XPS spectra were acquired using Published in ACS Applied Nano Materials (2018) 11 a monochromated Al Kα X-ray source (hυ = 1486.6 eV). An X-ray spot size of ~400 μm radius was employed. Survey spectra were acquired employing a pass energy of 200 eV. High resolution, corelevel spectra for all elements were acquired with a pass energy of 50 eV. All spectra were charge referenced against the C1s peak at 285 eV to correct for charging effects during acquisition. Quantitative surface chemical analyses were calculated from the high resolution, core-level spectra following the removal of a non-linear (Shirley) background. The manufacturer's Avantage software was used, which incorporates the appropriate sensitivity factors and corrects for the electron energy analyzer transmission function. The two types of sols and both the ACS and BCS nanocomposites were dropcast onto Au-coated glass substrates and dried for two days under ambient conditions prior to XPS analysis. The Au layer was sufficiently thick to prevent photoelectron emission from the substrate.
Results and discussion
Particle and composite structural characterization
Several hydrophilic auxiliary comonomers have been reported in the literature to favor adsorption of Pickering stabilizers onto latex particles. [41] [42] [43] Relying on the well-known affinity of carboxylic acids for rare earth metal oxides, methacrylic acid (MAA) was selected as an auxiliary comonomer in the present work. MAA adsorbs on the CeO2 surface via complexation chemistry involving interactions between the carboxyl groups and the Ce atoms as depicted in Figure 2a . A previous study showed that for the MAA concentration used in the present work (1.9 μmol m -2 of CeO2), the sol remained stable (D = 9 nm, PDI = 0.20, versus D = 7 nm, PDI = 0.09 for the pristine CeO2). 44 Therefore, after MAA addition and before the beginning of the polymerization, the acidic sol is effectively stable, allowing the efficient formation of inorganic-armored latex particles through either miniemulsion or emulsion polymerization. 30, 44 Once the polymerization started, DLS did not indicate any stability issues during the course of the reaction.
In contrast, MAA was expected to hardly interact with the commercial Rhodigard ® ceria nanoparticles that are already coated with citric acid molecules, which may hamper nanoceria adhesion on the growing latex particles during polymerization (Figure 2b ).
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Cryo-TEM images obtained from the individual nanocomposite particles of the acidic sol (ACS) Pickering latex ( Figure 3) show a distinct armoured morphology. The ceria nanoparticles appear as the black phase (small dots) in the particle shells. By contrast, the presence of the nanoceria in the BCS Pickering latex particles is less clear, and free ceria nanoparticles appear in the continuous phase (frozen water) as black dots. This difference in nanoceria distribution can be explained by the different surface chemistries between the two sources of ceria explained above. Indeed, a strong interaction energy is expected between the auxiliary comonomer MAA and the acidic ceria sol. In contrast, in the case of the Rhodigard ® ceria nanoparticles, MAA molecules are unlikely to be able to displace adsorbed citric acid molecules.
As a result of this differing interaction strength, the acidic ceria sol stabilizes the polymer particles more efficiently than the Rhodigard ® particles, resulting in smaller ACS Pickering latex particles (590 nm) and larger BCS particles (1000 nm). Furthermore, unbound Rhodigard ® ceria nanoparticles can be observed in the BCS suspension, which indicates a weaker interaction.
Although the upscaling of the recipes presented here was not the main purpose of this work, it is important to consider the feasibility of the industrialization of the process. In related work reported previously, 15 L batches of surfactant-free latex has been synthesised via a semi-batch process under adjusted conditions. 45 In the case of the ceria Pickering particles, we propose it should be possible to build on this previous success to synthesize a seed in a batch process and continue the polymerization in a semi-batch process.
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13 Nanocomposite latex films were prepared from the two types of nanoceria Pickering (ACS and BCS) latex dispersions and from the physical blend (PB), as already described. Despite the low Tg values (Table 1) , the dried films were not sticky to the touch, although the copolymer is viscoelastic at room temperature. The copolymer composition was selected as a model system. If a harder coating is needed, the composition could be tuned to decrease the amount of BA (or to add other high-Tg monomers) and thus raise the glass transition temperature. The use of FIB-SEM and TEM allowed the characterization of the internal structure, as is shown in Figure 4 . By examining the left column images in Figure 4a -c, the distribution of ceria within the coating (white colour) can be elucidated and compared for each material. For the ACS Pickering film (Figure 4a) , the ceria forms a honeycomb structure Published in ACS Applied Nano Materials (2018) 15 derived from the armoured structure of the latex particles, as is illustrated in Figure 1b . However, in the BCS Pickering film (Figure 4b ) the ceria appears to be accumulated in clusters between the particles (indicated by arrows in the left and center columns) where they provide a physical barrier to particle deformation and the particles are prevented from coalescing. The free ceria observed in Figure 3b can move around the water phase during drying and accumulate in the interstitial spaces. The boundaries between some of the particles appear to be free of ceria and are fully coalesced, as indicated by arrows in the right column. The structure is similar to the drawing in Figure 1a . Although the Pickering emulsion polymerization to obtain the ACS latex and physical blend preparation is presented in Figure 2c . The MAA-functionalized acidic ceria sol acts as a stabilizer for the Pickering emulsion polymerization process, and by the end of the reaction it remains on the particle surface. In the physical blend, the MAA groups on the latex particle surface can interact with the acidic ceria sol surface. Both processes result in armoured particle morphologies that persist during film formation, resulting in the reported honeycomb structures for the nanocomposites. TEM thin film cross-sections of the same samples (centre and right columns in Figure 4 ) corroborate the reported SEM morphologies.
In some places, there are discontinuities in the nanoceria in the cellular walls in the PB, whereas the nanoceria walls appear to be more continuous in the ACS cellular structure. Discontinuities in the cellular structure might be related to the lower ceria content of PB when compared to ACS (Table 1) and also to the difference in MAA available at the surface in both cases. Gonzalez et al. 31 for Pickering particles with titanium dioxide nanoparticles in the shells. These authors attributed the particle deformation to the action of capillary pressure. In our experiments, we have not correlated the water content with the particle deformation, and we cannot comment on the relevant mechanism of the latter.
In experiments elsewhere on nanocomposites made from blends of silica nanoparticles and polymer colloids, Kobayashi et al. found that when the nanoparticles were ca. 50 nm or smaller, they blocked interdiffusion of the polymer chains across particle boundaries. However, when the nanoparticles were larger, and they approached the size of the polymer particles, they did not present an obstacle to block interfacial diffusion in the same way. 46 Indeed, there is evidence elsewhere that silica nanoparticles impede interdiffusion but do not fully block it in during the film formation of silica Pickering particles. 32 In the ACS and PB nanocomposites, the nanoceria at the particle boundaries could potentially block interdiffusion and lead to a weaker interface. In comparison, there appears to be greater contact between the polymer particles in the BCS nanocomposites, which could result in greater cohesive strength. We next consider how these three morphologies influence the properties of the nanocomposites.
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Thermal and mechanical properties
Previous research 47, 48 has shown that strong attractions between an inorganic filler and a polymer phase increases the thermal decomposition temperature. Hence, we consider the relative decomposition temperatures as an indirect probe of the nanoceria/polymer interaction energy. Figure   S4 in the Supporting Information shows the thermal decomposition rates (as measured by the mass loss per unit temperature increase) for the three nanocomposites and the blank polymer. The temperatures of the maximum decomposition rate for the ACS Pickering and the PB nanocomposites are both relatively high (390 °C and 385 °C, respectively), whereas it is low for the SFB polymer (325 °C). This result is consistent with the previous discussion of the ceria/MAA interactions. On the other hand, two peak temperatures in thermal decompositions are found for the BCS nanocomposite. There is one decomposition at a lower temperature (324 °C), which indicates the presence of non-interacting polymer, and a second decomposition at a higher temperature (374 °C), which is somewhat lower than the peak temperature for the other two nanocomposites.
Dynamic mechanical properties, under a low strain, are considered next. The storage modulus, E', and the loss factor, tanδ, measured for the different ceria nanocomposites as a function of temperature are shown in Figure 5 . The SFB and PB dispersions show a main broad peak and a secondary peak at around 5 °C, whereas the ACS and BCS dispersions present only one broad peak.
The results indicate that the presence of ceria in the film raises its storage modulus in the rubbery state and reduces its main relaxation temperature, Tα ( Table 2) . From the reactivity ratios of MMA and BA (rMMA = 2.55 and rBA = 0.36), and their different water solubility (150 mmol L -1 and 11 mmol L -1 for MMA and BA, respectively), one may expect a composition drift for the copolymers. As MMA is more polar than BA, it may have a stronger affinity for the inorganic surface and be preferentially located in the vicinity of the ceria particles. 49 This will decrease the MMA concentration in water and compensate for the different reactivity, which should lead to a decrease of Tg (as the copolymers would be enriched in BA units), a more homogeneous composition of the polymer chains and therefore the disappearance of the secondary peak found in SFB and PB. The shift of Tg towards a lower temperature for the physical blend compared to the blank film Published in ACS Applied Nano Materials (2018)
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can be tentatively attributed to some plasticization effect by water trapped in ceria clusters, that will be studied in detail later on. Immobilization of polymer chains at the inorganic surface (via the auxiliary comonomer) as in the acidic sol Pickering film should also result in a higher Tg and this can explain why the Tα is higher for the ACS nanocomposite than for the BCS and PB. It has been reported that when a composite's storage modulus increases with the addition of a second phase, its tanδ decreases. 50, 51 This can be seen in the case of the ceria-stabilized latexes in Figure 5b . The decrease in the damping peak is associated with a low frictional sliding between polymer and inorganic phases and bonding between them. 23 The physical blend exhibits a higher modulus at the rubbery plateau than the acidic sol Pickering latex although they both have similar microstructures. In the blend, the percolating ceria network is likely to be more cohesive (due to ceria-ceria contacts) than in the ACS nanocomposite. In coefficients at 300 cm -1 (µ300), 360 cm -1 (µ360) and 500 cm -1 (µ500) measured by UV-Vis spectroscopy.
e Ratio between heat of freezing of "free" (ΔHf) and "bound" (ΔHb) water measured by DSC.
In the softening point measurement, the specimens were compressed under a constant load (although there was also some shear stress as the probe penetrates) and temperature was increased to determine their upper service temperature. Whereas the DMA was performed on specimens under tension, the softening point measurements placed the specimen in compression. When a film is heated from a low temperature, thermal expansion is observed through a small increase in the thickness (a positive change in the dimension). As the temperature increases, the probe under a constant load penetrates into the specimen, as the modulus and viscosity decrease. 53 The TMA curves are shown in Figure S5 (Supporting Information) up to the temperature at which the measurement becomes unstable.
Values of the softening temperature, S200, for the four samples are listed in Table 2 . As a general trend, the BCS Pickering latex sample (with a higher amount of free ceria)
shows the highest S200 value. The lowest S200 value is found for the blank latex as expected, because it will not have any reinforcement from the ceria. Free ceria nanoparticles are expected to enrich the top surface during film formation, and such enrichment of the surface could increase the structural stability at temperatures above the polymer's Tg.
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An effective stress was calculated to be 20.1 kPa from the load acting on the contact area of the probe. The strain of the specimen was estimated by dividing the dimensional change by the initial film
thickness. An effective compressive relaxation modulus was found by dividing the stress by the strain, as the temperature was increased. Figure 6 shows stark differences between the three nanocomposites.
Of the three, the BCS nanocomposite has the highest modulus at 70 °C, whereas in tension at this same temperature, its storage modulus was the lowest of the three. In contrast, the PB nanocomposite had the highest storage modulus, but its relaxation modulus, found in compression, was the lowest (and comparable to the SFB polymer). The BCS nanocomposite has clusters of ceria nanoparticles distributed throughout it. Under compression, these clusters could be pushed into physical contact and thereby support a load. However, in tension, the load is supported by the continuous polymer phase, and there is little reinforcement, so the storage modulus is not increased significantly by the nanoceria.
The nanoceria in the PB nanocomposite is not expected to be tightly bound to the polymer phase. The network of nanoceria in the cellular walls is not able to support a compressive stress. 
Optical properties and application as UV-absorbing coating
For applications as coatings, optical properties are important. To protect the substrate and the polymer binder from UV degradation, it is beneficial to have a UV-absorbing filler. At the same time,
for clear coatings, transparency in the visible region is required. It has been reported that the size of the inorganic fillers in polymer composites has a strong impact on their reflectance 24 and transmittance, 25 and this behavior is wavelength dependent. For hybrid ceria/acrylic latexes, size and aggregation of nanoceria are key factors in the final optical properties. 54 The combination of UV absorption and optical transparency was therefore investigated for the ceria nanocomposites.
The nanoceria (both in the acidic and basic ceria sol) has a strong UV absorption peak at approximately 210 nm, and a weaker peak centered around 300 nm but extending up to 400 nm. (See Figure S6 in Supporting Information.). The oxidation state of Ce has been reported to have a strong influence on the UV absorbance of ceria nanoparticles. When Ce 4+ is predominant, the UV absorption is stronger than when a combination of Ce 3+ and Ce 4+ is present. 55 To obtain information on the chemical state of the nanoceria, XPS analysis was performed. The Ce 3d core level XPS spectra of the two types of nanoparticles in the ceria sols are presented in Figure 7 . The acidic ceria sol spectrum shows evidence for three spin-orbit-split doublets, as labelled on the figure, which are obtained only from the 4+ oxidation state of Ce in the nanoparticles. 56 The spectrum includes the characteristic Ce 4+ peak for 3d3/2 at 917 eV. The intensity of this characteristic peak is reduced for the basic ceria sol, indicating a reduction in the proportion of atoms in the Ce 4+ state. Furthermore, the Ce 4+ doublets are less distinct, suggesting the convolution of two doublets from the Ce 3+ oxidation state, as has been reported previously for mixed cerium oxides. 55, 56 A likely explanation for the reduction from the 4+ to the 3+ Published in ACS Applied Nano Materials (2018) 24 state of cerium in the basic ceria sol is the transfer of an electron from oxygen atoms when citric acid bonds to the nanoceria surface.
The XPS spectra of the ACS and BCS nanocomposites correlate well to that of their corresponding ceria nanoparticles (see Figure S7 in Supporting Information). The polymerization process does not change the chemical states. Therefore, as primarily Ce 4+ is present in the ACS nanocomposites, we expect a stronger UV absorption than in the BCS nanocomposite, which has evidence for the presence of some Ce 3+ . Figure 7 . Ce 3d core level XPS spectra of the acidic and basic ceria sols after drying.
As is shown in Figure 8a , all latexes were film-forming and crack-free. The coatings containing ceria show a yellowish tint, which is much more intense for the BCS nanocomposite, which exhibits a noticeable loss of transparency. Crucially, the color is not uniform laterally in the BCS coating, and it is distinctly more yellow near the edges. When a colloidal dispersion is cast on a substrate with a contact Published in ACS Applied Nano Materials (2018) 25 angle, there is less water per unit area near the edge. The resulting concentration gradients drive a lateral flow of water from the center to the edge regions where there are packed particles. 57 There is free nanoceria in the aqueous phase for the BCS Pickering latex (Figure 3b ). When the latex particles pack at the film edge, the free nanoceria particles in the aqueous phase are expected to flow outward.
Elsewhere it has been demonstrated that nanoparticles can be transported laterally through close-packed arrays of larger particles. 58 The nanoceria with a diameter of 7 nm is much smaller than the size of the throats between the BCS particles that have a diameter of ca. 1 m, which explains how the nanoceria can be transported to create the yellow edges in the coating. This lateral transport of the free nanoceria is detrimental for coatings applications. In contrast, the ACS nanocomposite, in which the nanoceria is bound to the latex particles and is not transported independently, exhibits uniformity in color. The linear absorption coefficient, µ, of the nanocomposite films as a function of wavelength is presented in Figure 8 . The absorption is the sum of effects of optical absorption and scattering. The blank (SFB) film shows a single peak around 230 nm which is attributed to absorption by polymer, which is expected to contribute to the extinction in the nanocomposites. The spectra from the three ceria nanocomposites show a second peak around 300 nm, which is in the same position as the absorption band of the nanoceria sol. Table 2 lists the values of µ for three representative wavelength ranges: UVB (λ = 300 nm), UVA (λ = 360 nm) and visible (λ = 500 nm). The latter was chosen in order to evaluate transparency, and the first and second were chosen to assess the potential for providing UV protection. The UVC range is not considered here because it is largely absorbed by the ozone layer in the atmosphere. 59 With the incorporation of nanoceria, the absorption in the Pickering nanocomposites (ACS and BCS) in the UV range is up to 20 times higher with respect to that of the blank (SFB). The absorption peak near 300 nm is attributed to the nanoceria absorption, as it is also found in the absorbance spectrum of the nanoceria sol. This peak is stronger for the ACS nanocomposite, as it contains primarily Ce 4+ according to the XPS analysis ( Figure S7a ), whereas there is evidence from XPS for the presence of the Ce 3+ oxidation state in the BCS nanocomposite ( Figure S7b) . The peak at approximately 220 nm is attributed to a combination of the polymer absorption and the nanoceria absorption. In contrast, in PB, there is a comparatively weak extinction peak at 300 nm, and the peak near 200 nm is comparable to what is found for the polymer phase. The nanoceria content of PB is slightly lower than that of ACS or BCS, which might contribute to its weaker absorbance.
In the BCS Pickering nanocomposite, there is an increase in the extinction in the visible range, which explains its yellowish tint. The extinction of the BCS nanocomposite in the visible range can be attributed to the structure shown in Figure 4b . The excess ceria is found in clusters between the polymer particles, with a size ranging from hundreds of nm up to several µm, as is estimated from FIB-SEM images ( Figure 4 ). This size of ceria clusters is large enough to scatter light, particularly at shorter Published in ACS Applied Nano Materials (2018) 28 wavelengths, leading to an increase in µ with decreasing wavelength. In the ACS Pickering nanocomposite, the ceria nanoparticles decorate the particle boundaries, but they do not cluster in larger structures that scatter light.
Notably, because of the observed lateral transport of the ceria to the coating edges, the average nanoceria concentration at the center of the BCS coating should be lower than in the ACS coating.
Nevertheless, the ACS coating shows negligible extinction in the visible region (above 400 nm) coupled with the strongest extinction in the UV region. Hence, the ACS nanocomposite has the ideal optical properties for a clear barrier coating with UV absorption, and it offers benefits that neither the PB nor the BCS can offer.
Although both the optical and the mechanical properties depend on the nanostructures of the materials and hence might have some correlation, it is not straightforward to attempt to correlate them in the present experiments because of a large number of other variables. For instance, the amount of auxiliary comonomer (MAA) that is used for the BCS latex is much higher, resulting in films with a storage modulus which is comparable to that of ACS films (although the structure is less mechanically stable due to the presence of aggregates). Therefore, a fair correlation between the mechanical properties and UV absorption of ACS and BCS films cannot be made. Also, when drying films for optical testing, the free ceria tends to accumulate at the edges due to outward flow of water to the thinner region at the edge, resulting in the same microstructure but a different ceria distribution than in films dried in a mould for mechanical properties testing.
As the nanocomposites present significant absorbance in the UV, they should provide protection against UV degradation when applied on a substrate. To test their application as UVabsorbing coatings, coloured poly(chloroprene) rubber substrates were coated by drop-casting of the different latex dispersions followed by exposure to UV light for 60 minutes inside a UV/ozone chamber (Bioforce Nanosciences, model UV.TC.EU.003). Half of the sample was masked to provide a reference of the initial, non-irradiated sample. Results are shown in Figure 9 and Figure S8 (profiles of the contrast laterally across the coating). The exposed rubber, without a coating, became noticeably darker in color.
The uncoated substrate presented an optical contrast between the exposed and masked areas of around Figure 9 . UV degradation study of coloured rubber substrates coated with different ceria nanocomposites. Top: Images of the samples after irradiation. Below: optical contrast ratio between the exposed/masked areas of the substrate, which is used as a measure of UV bleaching.
Water barrier properties
As was already noted in the experimental section, the synthesis of all the latexes is surfactantfree. The absence of these amphiphilic short chain molecules might reduce the detrimental impact that they usually have on the water barrier properties of latex films. 60, 61 As a benchmark comparison, the introduction of an inert inorganic phase into a continuous polymer phase in a composite is expected to reduce the total water solubility per unit volume, because of the reduction in the volume fraction of the polymer phase. 62 To evaluate the barrier property of the nanocomposites when exposed to liquid water, DSC analysis was used to estimate the amount of sorbed water and also to provide information on the state of the water: whether "bound" or "free". 63 The DSC cooling and heating traces from samples immersed for three days in deionized water are shown in Figure 10a and b, respectively.
During cooling two exothermic freezing peaks were detected (Figure 10a ), associated with different water environments. The first peak, around -20 °C, can be attributed to the freezing of water within the particles that is unassociated with the polymer and to any remaining bulk water outside the particles. In contrast, the second peak (around -45 °C) is related to freezable bound water, which is described to be the secondary sheath of water molecules weakly bound to the water molecules that are strongly bound to the polymer. 64 These strongly bound water molecules are non-freezable, and the only way to detect them by DSC is by measuring the glass transition shift (i.e. plasticization). 65, 66 The glass transition temperature of the copolymer overlaps with the water melting peak, and therefore it is difficult to separate. Hence, the plasticization of the polymer phase could not be measured. The ratio between the heat of freezing of "free" (ΔHf) and "bound" (ΔHb) water ( Table 2 ) provides an indication of the distribution of water within the film. In the blank polymer (SFB), the data indicate that the water is distributed approximately equally between the bound and free states. The introduction of ceria increases the amount of free water in ACS and PB, which becomes larger with larger ceria clusters in the BCS Pickering nanocomposite.
Upon heating the water-soaked specimens (Figure 10b ), a broad endothermic peak, centred around 5 °C and attributed to ice melting, is detected for all nanocomposites. The area under this peak gives the heat of fusion of the frozen water contained in the sample, in J g -1 . By dividing this value by the heat of fusion of water (333.5 J g -1 ) 67 the weight percentage of freezable water in the sample can be calculated. These values are shown in Table 2 for each of the nanocomposites. All three nanocomposites show an additional small sharp peak near 0 °C that is not present in the curve for the blank (SFB). This peak corresponds to very mobile clusters of water, probably located in between CeO2 nanoparticles, that are not hydrogen bonded Published in ACS Applied Nano Materials (2018) 31 to a surface. The absence of this peak in the blank latex indicates a good degree of coalescence and essentially full elimination of the voids that would otherwise lead to water reservoirs upon immersion.
In terms of total water content, the BCS nanocomposite has a similar value compared to the SFB (12.2 wt.% and 14.0 wt.% respectively, see Table 2 ). In the BCS nanocomposite, the nanoceria comprises an estimated 17% by volume (because it is denser than the polymer phase). Hence, the observed reduction of water sorption is lower than what is expected from the introduction of an inert filler. This result indicates that the voids between the nanoceria in the clusters are counter-acting the effect of the filler. However, because the nanoceria does not block all of the interfaces between the polymer particles (as shown in Figure 3b ), there is a continuous polymer phase that provides some barrier to water transport. Although this amount of water sorption might seem at first to be high, it is comparable to the amount reported elsewhere 68 to be absorbed by surfactant-free latex films after one day of water immersion. In contrast, waterborne acrylic films containing surfactant have been reported to absorb 100% of their mass after only 100 min of water immersion. 61 In the ACS Pickering and PB nanocomposites, there is an even higher sorbed water content (17.1 wt% and 22 wt%, respectively). In these materials, the ceria nanoparticles surround each of the polymer particles to make a continuous path in the honeycomb structure. This path could assist the transport of water. Although the BCS Pickering film contains ceria in clusters, these clusters do not form a continuous path and -according to the microscopy analysis -are embedded in a coalesced film.
These results show the detrimental effect of the presence of ceria nanoparticles at the particle boundaries in the ACS Pickering films. Figure 10 . Thermal analysis of specimens after soaking for three days in deionized water, as determined during (a) cooling and (b) heating cycles.
Conclusions
We have designed and fabricated polymer/nanoceria nanocomposites using both high-solids Pickering particle dispersions and the physical blending of surfactant-free polymer particles (of the same composition) with a nanoceria sol. According to electron microscopy characterization, the films cast Published in ACS Applied Nano Materials (2018) 33 from the acidic sol Pickering particles and from the physical blend with nanoceria both show ceria in a honeycomb structure, wherein every polymer particle is surrounded by ceria nanoparticles. In the physical blend, the interaction of the MAA units in the blank latex with the nanoceria builds a shell layer around the particles. The basic sol Pickering latex contains some free nanoceria in the aqueous phase, and the resulting films show large ceria clusters at particle interfaces. Our results show that the resulting coating properties are strongly defined by these various nanoceria distributions.
The honeycomb structure formed by the ACS Pickering particles retains the high transparency of the original polymer, unlike the BCS nanocomposite which contains aggregates that confers a yellow appearance to the film. A lower water uptake is attributed to the presence of nanoceria clusters in a coalesced polymer phase in comparison to the blank polymer. In compression, the jamming of the nanoceria clusters leads to a higher effective modulus and softening point, but in tension the storage modulus is not as high with this structure in comparison to the honeycomb structure.
The results presented here provide a valuable guide to determine which nanocomposite fabrication route should be chosen depending on the final properties that are needed. The acidic sol 
